Face recognition is a highly specialized capability that has implicit and explicit memory components. Studies show that learning tasks with facial components are dependent on rapid eye movement and non-rapid eye movement sleep features, including rapid eye movement sleep density and fast sleep spindles. This study aimed to investigate the relationship between sleep-dependent consolidation of memory for faces and partial rapid eye movement sleep deprivation, rapid eye movement density, and fast and slow non-rapid eye movement sleep spindles. Fourteen healthy participants spent 1 night each in the laboratory. Prior to bed they completed a virtual reality task in which they interacted with computergenerated characters. Half of the participants (REMD group) underwent a partial rapid eye movement sleep deprivation protocol and half (CTL group) had a normal amount of rapid eye movement sleep. Upon awakening, they completed a face recognition task that contained a mixture of previously encountered faces from the task and new faces. Rapid eye movement density and fast and slow sleep spindles were detected using in-house software. The REMD group performed worse than the CTL group on the face recognition task; however, rapid eye movement duration and rapid eye movement density were not related to task performance. Fast and slow sleep spindles showed differential relationships to task performance, with fast spindles being positively and slow spindles negatively correlated with face recognition. The results support the notion that rapid eye movement and non-rapid eye movement sleep characteristics play complementary roles in face memory consolidation. This study also raises the possibility that fast and slow spindles contribute in opposite ways to sleep-dependent memory consolidation.
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IN TROD UCTI ON
A wealth of evidence supports a role for sleep in memory consolidation (for review, see Diekelmann and Born, 2010) . Face recognition is a highly specific type of memory (Rapcsak, 2003) that has a strong declarative component (Gosling and Eimer, 2011) , but is also automatic and relies on implicit perception (Seeck et al., 1997) . Both non-rapid eye movement (NREM) Stage 2 sleep (N2) and rapid eye movement sleep (REM) characteristics (Wagner et al., 2003) are associated with the consolidation of memory for faces and night-time sleep is beneficial for face-name association learning (Maurer et al., 2015) . Sleep spindles [bursts of 11-16 Hz electroencephalogram (EEG) activity] are associated with both episodic and procedural memory consolidation (Fogel and Smith, 2011) , including a relationship between fast spindles (13-15 Hz) and the facename learning task (Mander et al., 2014) , among others. REM sleep, too, is associated with implicit memory consolidation for faces (Wagner et al., 2003) .
In addition to effects restricted to specific sleep stages, a number of theories, including a 'sleep organization' model (Ficca and Salzarulo, 2004 ) and a '2-stage' model (Fogel et al., 2009) , suggest that REM and NREM processes may have complementary effects on sleep-dependent memory consolidation. We previously found that some learning tasks known to be sensitive to REM sleep, such as the Corsi Block and Tower of Hanoi tasks, are associated with both NREM and REM sleep elements (Nielsen et al., 2014) . Here we assessed relationships between overnight improvement in the recognition of faces and several sleep variables: N2 sleep duration, the density of slow and fast sleep spindles, and REM density (Rdens), a measure that is correlated with sleep-dependent procedural learning (Smith et al., 2004) .
Based on the notion that REM sleep is implicated in the processing of emotional memory, we used computer-generated virtual reality (VR) characters expressing positive and negative emotional states as pre-sleep stimuli for post-sleep facial recognition testing.
The objectives of the study were: (1) to assess the relationship between REM sleep characteristics (partial REM sleep deprivation and Rdens) and overnight consolidation of faces; and (2) to assess the differential relationship between slow and fast N2 sleep spindles and overnight consolidation of faces. Specific hypotheses were: (1) partial REM sleep deprivation will have a negative effect on morning face recognition and Rdens will positively correlate with the face recognition score; (2) duration of N2 sleep and density of fast N2 sleep spindles will be associated with face recognition.
MAT ERIALS AN D METH ODS
Fourteen healthy volunteers spent 1 night each in the sleep laboratory where they were randomly assigned to either a partial REM sleep deprivation group (REMD, N = 7) or a control group (CTL, N = 7). Volunteers signed a written informed consent form approved by the IRB. The REM deprivation protocol consisted of repeated awakenings initiated following 5 min after the first sign of REM sleep starting with the second REM sleep cycle. The CTL group underwent similar repeated awakenings, but only after 25 min of REM sleep had elapsed. EEG was recorded using the 10-20 international system and C3, C4, O1 and O2 derivations were used. Sleep stages were manually scored according to the standardized manual on epochs of 30-s duration.
Before bed, participants completed a VR task coded using the 'TES Construction Kit', run using the 'Elder Scrolls IV: Oblivion' 3D engine (Bethesda Softworks) and presented through an eMAGINZ800 3D Visor VR display. The task required participants to navigate a virtual village for about 20-50 min, and engage in face-to-face conversations (consisting of predetermined lists of questions and answers) with 10 computer-generated characters. Characters had distinctive facial features and expressed a number of emotional states: five were negative and five were neutral in tone.
In the morning, participants were tested for recognition of the virtual characters' faces using an old/new procedure (Hicks and Marsh, 2001) : faces from the virtual characters were mixed with similar faces that had not been presented during the initial task. Participants thus signalled whether a face presented on the screen was 'old' (10 faces) or 'new' (21 faces). The task lasted for about 5 min. Recognition scores were calculated as the number of correct answers.
Rapid eye movements were recorded with two horizontal and two vertical electrooculogram electrodes, and were detected during REM sleep with the help of in-house software and confirmed visually by a trained technician. Rdens was calculated as the number of eye movements/number of minutes in REM sleep. Sleep spindles (0.2-2.0 s in duration) were detected during N2 using an automated in-house algorithm (O'Reilly and Nielsen, 2015) . Detected spindles were separated into slow (10-13 Hz) and fast (13-16 Hz) types (Nielsen et al., 2016) . They were examined separately by derivation and also summed across the four derivations for a total score; densities were calculated as the number of sleep spindles/time in N2 sleep.
RESULTS
Independent samples t-tests comparing REMD and CTL groups on sleep measures (Table 1 ) revealed lower total REM duration and REM% for the REMD group, indicating that the REM sleep deprivation procedure was successful. There was also a tendency for the REMD group to have a lower total spindle density than CTL (P = 0.054), but not to differ in either fast or slow spindle densities. No other differences between the groups were observed.
Because an independent samples t-test between CTL and REMD groups revealed no significant difference for average Rdens, despite a difference in REM sleep duration, all participants were included for analyses of Rdens. No differences were found for emotionally negative or neutral conditions; therefore, both were treated as one task. Performance on the recognition test was above chance: 18.5% of responses were false alarms, 66% were hits and correct rejections, and 15.5% were misses. No correlations were found between face recognition and Rdens, REM duration or REM% (Table 2 ). An independent samples t-test (one-tailed) revealed, however, the predicted group difference (t 12 = 1.922; P = 0.04), i.e. REMD performed worse (M = 0.613, SD = 0.070) than CTL (M = 0.705, SD = 0.106) on the face recognition task (Fig. 1) .
As shown in Fig. 2 , fast spindle density correlated positively with face recognition score for C3 and C4 and marginally so for O1 and O2 (not shown), while slow spindle density correlated negatively for C4 and showed negative non-significant trends for C3 and O2. No other significant correlations were found (Table 2) .
DI SCUSSION
Findings partially confirm our expectation that face recognition would be dependent on REM sleep characteristics. Participants who underwent REMD showed the expected poorer performance on face recognition relative to CTL participants who had a normal amount of REM sleep. These findings thus suggest that time in REM sleep may be more central than Rdens to a putative contribution to face recognition performance. Contrary to our predictions, however, Rdens and N2 duration did not show any relationship to postsleep face recognition. In addition, the relatively short average sleep time of our cohort could have influenced our results. On the other hand, the findings point to a role for sleep spindles in face memory consolidation; as in other studies (Mander et al., 2014) , fast spindle density predicted better performance and, unexpectedly, slow spindle density predicted the opposite.
The current study also suggests a differential relationship between face recognition and fast and slow sleep spindles: face recognition scores correlated in opposite directions for the two spindle types. This pattern is very similar to a pattern we recently found between dream recall and spindle density; fast spindles predicted better dream recall and slow spindles the opposite (Nielsen et al., 2016) . The latter finding might be related to the fact that we observed a decrease in spindle density in the REMD group, except that the difference occurred only for total spindles and not fast spindles as might be expected if the latter are associated with both dream recall and REM time. Together, the findings provide new, albeit preliminary, clues as to how REM and NREM mechanisms may be interrelated and provide complementary contributions to sleep-dependent memory consolidation.
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